Abstract During carbon steel manufacture, slag residues are generated to remove material impurities from liquid metal and thus control the quality of carbon steel. As the utilization of secondary metallurgical slags is not as efficient as those of primary slags, a comprehensive characterization of steel ladle slag was performed. Pseudo-total concentrations of a wide range of elements were determined during a 6-week sampling period with relevant physical and chemical properties, sequential extraction of trace elements, and parallel mineralogical characterization of extraction residues from a representative combined sample. According to the results, only Cr and V occurred in elevated concentrations with respective 6-week mean values of 198 and 310 mg kg , d.w., amounting to 41 % of the respective pseudo-total concentration) through, e.g., changes in prevailing redox conditions. Although the analytical approach was validated by the analysis of a certified reference material and the calculation of extraction recoveries, the mineralogical characterization of parallel extraction residues indicated non-selectivity of the procedure coupled with potential redistribution phenomena during extraction with hydrogen peroxide and ammonium acetate.
Introduction
Conventional carbon steel manufacture from virgin ore is generally managed through the blast furnace/basic oxygen furnace-process route (Cottrell 1975) . The main objective of these processes is to attain an efficient reduction degree of iron ore to crude iron, to remove material impurities, and to adjust the level of carbon, one of the most effective alloying elements of steel. To remove impurities from liquid metal, lime is generally used to generate a separate slag phase, which can be effectively decoupled from the desired product. Alkalis, such as sodium and potassium, sulfur, phosphorus or trace elements, such as arsenic, copper, chromium, lead, nickel, or vanadium, can have undesired effects on the operation of the blast furnace or the quality of carbon steel. During secondary metallurgy, the quality of liquid steel is finalized in a ladle prior to casting. Fluxing agents, such as calcium aluminate or calcium fluoride, are admixed to the ladle producing an average of 30 kg of ladle slag per metric ton of steel produced (Manso et al. 2005; Shi and Hu 2003) . As opposed to primary blast furnace and basic oxygen furnace slags, the utilization of secondary steel ladle slag is not as efficient and is often sent to landfill.
To evaluate the use potential of ladle slag and possible effects due to current landfilling procedure, the physical and chemical characteristics of the material and certain parameters with possible adverse environmental impacts upon utilization, such as trace element content and respective availability, have to be known. In the field of metals processing from virgin ore, this is further emphasized by the expected decline in ore quality, which will have an effect in the trace element content of respective processing residuals. As the total concentrations of trace elements are generally insufficient in describing possible biological effects (Zufiaurre et al. 1998) , chemical speciation is often used in identifying and quantifying the different species, forms, or phases present in a solid material (Filgueiras et al. 2002) . As a tool for chemical speciation, operationally defined sequential extraction procedures apply various successive extractions on a sample with an aim to divide the total extractable concentration of an element into separate fractions to assess the potential forms in which the element occurs in the material (Manskinen et al. 2011) . Although time consuming and mainly hypothetical, the use of a sequential extraction procedure is generally a good compromise for attaining information on the risk of environmental contamination in support of environmental policy (Kazi et al. 2005; Pueyo et al. 2001) .
As sequential extraction procedures have been implemented since the well-known work of Tessier et al. (1979) , no single procedure to date has been unreservedly accepted by the scientific community (Fuentes et al. 2004 ). However, the three-step BCR (The European Community Bureau of Reference, now the Standards, Measurement and Testing programme) procedure proposed by the European Community in 1993 and revised by Rauret et al. (1999) , although originally developed for sediments, has been applied for a wide range of solid samples including industrial residues such as ashes and mining wastes (Anju and Banerjee 2010; Marguí et al. 2004; Nurmesniemi et al. 2008; Smeda and Zyrnicki 2002) . As opposed to the scheme of Tessier et al. (1979) , the main intention of the BCR procedure lies in simulating the various possible natural and anthropogenic modifications of prevailing environmental conditions (Gleyzes et al. 2002; Ryan et al. 2008) . However, although a large body of literature supports the implementation of the BCR procedure on various environmental media, the main drawbacks of sequential extraction such as lack of additional data regarding selectivity, occurrence of redistribution and readsorption, methodological and interpretive issues, and tediousness of the procedures (Bacon and Davidson 2008; Gleyzes et al. 2002; Jamali et al. 2009; Martínez-Fernández et al. 2011; Rao et al. 2008 ) remain valid also in the case of the BCR procedure. In addition, in the case of slag materials, concern regarding the suitability of sequential extraction was reported by Dahlin et al. (2002) . According to the authors, increased non-selectivity of sequential extraction procedures originally designed for sediment and soil extractions could occur due to a relatively higher level of individual pollutant particles encapsulated by the sample matrix.
As information on the relevant characteristics of secondary slag materials from carbon steel manufacture is limited, a comprehensive characterization study on ladle slag was performed. Pseudo-total concentrations of a widerange of elements were determined during the course of a 6-week sampling program. Relevant physical and chemical properties with easily available plant nutrient concentrations were determined from a representative combined sample. In addition, trace element availability was investigated using the revised BCR sequential extraction procedure with parallel mineralogical observations by X-ray diffraction (XRD). As trace element availability can primarily be regarded as a function of the mineralogy and solid fraction chemistry of the sample (Ryan et al. 2008) , additional X-ray-based analytical methods have been deemed necessary to identify remaining sample components during sequential extraction (Bacon and Davidson 2008) . Based on available literature, a similar approach for the mineralogical characterization of BCR residues of secondary metallurgical slag has not been published before. The objective was (1) to contribute to the availability of information regarding metallurgical residues and, (2) to investigate the potential of the BCR method in the respective context.
Materials and methods
Sampling and sample preparation A 6-week sampling program was performed to evaluate the variation of ladle slag properties. A weekly sample of approximately 9 kg (ca. 20 dm 3 ) was collected on consecutive weeks from the slag pit of the respective industrial facility. The weekly samples were gathered with a steel shovel from various points of a slag pile representing metal-separated slag generated during the week and sealed in 10-dm 3 polyethylene containers. The individual samples were processed twice with a spinning riffler to one-eighth of the input to attain a subsample of approximately 150 g. From the weekly subsamples, 10 ± 0.5 and 3 ± 0.5 g were, respectively, preserved for pseudo-total element concentration determinations and scanning electron microscopy (SEM). Subsequently, the subsamples were combined, and the combined sample processed again with the spinning riffler to attain a 6-week representative combined sample of approximately 135 g for the determination of relevant physical and chemical properties, easily available plant nutrient concentrations, and sequential extraction of trace elements with respective mineralogical analysis.
Determination of relevant physical and chemical properties, easily soluble plant nutrient concentrations, and SEM observations Electrical conductivity (EC) and pH were determined from the combined sample at a solid-to-liquid (i.e., ultrapure water) ratio of 1:2.5 (v/v) with a combined EC/pH analyzer equipped with a Phoenix conductivity electrode (Phoenix Electrode Co., Texas, USA) and a Thermo Orion SureFlow pH electrode (Thermo Fisher Scientific, Beverly, USA). The dry matter content was determined according to international standard SFS-ISO 11465 by drying the sample overnight to a constant mass at a temperature of 105°C. The determination of loss on ignition (LOI) value was performed according to European standard SFS-EN 12879, in which an oven-dried (105°C) sample is drydigested overnight in a muffle furnace (Naberthem, Germany) at a temperature of 550°C. The total organic carbon (TOC) content was determined according to European standard SFS-EN 13137 by combusting the sample and measuring the evolved carbon dioxide by infrared spectroscopy with a LECO CHN-600 analyzer (Leco Corp., Michigan, USA). The neutralizing value (NV) determination was performed according to European standard SFS-EN 12945, in which the NV is determined by back titration with sodium hydroxide from a solution of a specific quantity of standard hydrochloric acid and a dried sample. The reactivity value (RV) determination was performed according to European standard SFS-EN 13971, in which the carbonates are determined by potentiometric titration with hydrochloric acid. In addition, easily soluble plant nutrient (Ca, Mg, Na, K, P, S, Cu, Zn, and Mn) concentrations were determined from the combined sample by extraction with 0.5 mol L -1 acidic ammonium acetate (pH 4.65: Ca, Mg, Na, K, P, S) or ammonium acetate coupled with 0.02 mol L -1 ethylenediaminetetra-acetic acid disodium salt (Na 2 EDTA: Cu, Mn, Zn) according to the procedure by Yli-Halla and Palko (1987) . Secondary electron images were taken from the weekly subsamples with a LEO 1450 secondary electron microscope (LEO Electron Microscopy Ltd., Cambridge, UK) with an acceleration voltage of 12/15 kV. Prior to analysis, the powdery samples were attached to bilateral carbon tape and gold-plated with ca. 15 nm Au.
Extraction of trace elements and mineralogical characterization of extraction residues For investigating trace element availability, the revised four-stage BCR procedure outlined in Table 1 was used. The procedure has been widely applied for the fractionation of trace elements in various environmental matrices, including mining waste, ash, sludge, soil, and sediment (Anju and Banerjee 2010; Bacon and Davidson 2008; Marguí et al. 2004; Nemati et al. 2010; Nurmesniemi et al. 2008; Smeda and Zyrnicki 2002) . Strict adherence to the revised procedure recommended by Pueyo et al. (2001) was maintained during the entire procedure and is presented to guarantee compliance with the protocol; all glass and plastic ware were acid washed prior to use, reverse osmosis and ion-exchange (Elgastat Prima and Maxima, Elga Ltd., Bucks, Great Britain) purified water (resistivity 18 MX cm -1 ) was used in the preparation of reagent solutions, a mechanical end-over-end shaker at 30 rpm was used for all extractions, and the attained extracts and solid residues were separated by centrifugation at 3,000 rpm for 20 min. The resulting supernatant liquids were decanted into polyethylene containers which were stored at 4°C until element concentration determinations. Excluding Hg, pseudo-total element concentrations in the extracts were determined with a Thermo Fisher Scientific iCAP6500 Duo (Thermo Fisher Scientific Inc., Cambridge, UK) inductively coupled plasma optical emission spectrometer (ICP-OES) equipped with a Cetac ASX-520 autosampler (Cetac Technologies, Nebraska, USA). In the case of Hg, pseudototal concentration was determined with a PerkinElmer AAnalyst 700 cold vapour atomic absorption spectrometer (CVAAS) equipped with a PerkinElmer FIAS 400 and AS 90 plus autosampler (PerkinElmer, Norwalk, USA). For ICP-OES and CVAAS operating conditions, see Tables 2  and 3 . Calibration standards for ICP-OES determinations were generated by serial dilution of the following AccuStandard (AccuStandard Corp., AccuTrace Ò , New Haven, USA) multielement stock solutions: , New Haven, USA). In order to obtain careful matrix matching of the calibration standards and samples, calibration solutions were fashioned with the same extracting solution that was used during sample preparation. In case the element concentrations could not be determined immediately, 200 lL 65 % nitric acid (Suprapur, Merck, Darmstadt, Germany) was added to minimize precipitation. The attained solid residues from centrifugation were washed with 20-mL distilled water by shaking in the endover-end shaker for 15 min and centrifuged at 3,000 rpm for 20 min. Subsequently, the supernatant was decanted Axial/radial, see Table 3 Replicates 2 and discarded. In addition to the combined slag sample, a certified reference material (CRM) BCR-701 representing the sediment from Lake Orta, Piemonte, Italy was purchased from the Institute for Reference Materials and Measurements (IRMM, Geel, Belgium) and analyzed according to the following steps 1-4 to provide information on quality control (Pueyo et al. 2001 (Pueyo et al. , 2008 Sutherland 2010) .
Step 1: 40-mL acetic acid (prepared from 100 % CH 3 COOH, Baker Analyzed, J.T. Baker, Deventer, The Netherlands) was added to 1 g of the combined sample in a 100-mL centrifuge tube and shaken at room temperature overnight for 16 h. The solid residue and supernatant were separated by centrifugation and decantation, and the solid residue washed as previously described.
Step 2: 40-mL hydroxylamine hydrochloride (prepared from [99 % NH 2 OHÁHCl, Merck, Darmstadt, Germany) was added to the residue from step 1 in the centrifuge tube and shaken at room temperature overnight for 16 h. The solid residue and supernatant were separated by centrifugation and decantation, and the solid residue washed as per step 1.
Step 3: 10-mL hydrogen peroxide (30 %, Baker Analyzed, J.T. Baker, Deventer, The Netherlands) was added to the residue from step 2 in the centrifuge tube. The tube was loosely covered and digested at room temperature for 1 h with occasional manual shaking followed by digestion at 85 ± 2°C for 1 h in a water bath with occasional manual shaking for the first half hour. Subsequently, the tube was uncovered and further heated to reduce the volume of the liquid phase to approximately 2.5 mL. A further 10 mL of hydrogen peroxide (Table 1 ) was added to the centrifuge tube and the digestion continued with the cover on at 85 ± 2°C for 1 h with occasional manual shaking for the first half hour. The cover was then removed and volume of the liquid phase reduced to approximately 1 mL. After the residue was cooled, 50-mL ammonium acetate (prepared from [97 % CH 3 COONH 4 , Baker Analyzed, J.T. Baker, Deventer, The Netherlands) was added to the mixture and shaken at room temperature overnight for 16 h. The solid residue and supernatant were then separated by centrifugation and decantation, and the solid residue washed as per step 1.
Step 4: a mixture of 9-mL hydrochloric (30 %, Suprapur, Merck, Darmstadt, Germany) and 3-mL nitric acid (65 %, Suprapur, Merck, Darmstadt, Germany) ( Table 1) was added to the residue from step 3 and directly to the combined base sample and the weekly 10 ± 0.5 g subsamples and the mixtures digested in a CEM Mars 5 microprocessor controlled microwave oven for 10 min at a temperature of 175°C with CEM HP 500 Teflon vessels (CEM Corp., Matthews, USA). The cooled solution was transferred to a 100-mL volumetric flask and the solution diluted to volume with ultrapure water.
To monitor the mineralogy of the combined slag sample during sequential extraction, a total of ten parallel extractions were performed on the combined sample and the mineralogy of the base sample and successive fraction residues of the procedure were analyzed with XRD. Prior to the analysis, the residues from the sequential extraction steps were air-dried in polypropylene measuring cylinders at a temperature of 40°C to ascertain minimum alteration of sample structure. Subsequently, the remaining samples were treated with approximately 0.5-mL ethanol (Etax A14, Altia, Rajamäki, Finland) and homogenized in agate mortars and spread on glass plates to enable the evaporation of ethanol. The following measurements were performed on a Philips PW 3040 X'Pert MPD X-ray diffractometer (PANanalytical BÁV., Almelo, The Netherlands) with Co-Ka radiation (wavelength 1.78897 Å ) and an iron filter. An iron filter was installed as the diffractometer is frequently used in attaining information on the mineralogy of a wide variety of slag samples from steelmaking. The diffractometer was operated on an acceleration voltage of 45 kV and a current of 40 mV. The measurement range was set to 5°-100°(2h) with 0.04/1 s. A visual interpretation of the experimental regime from sampling to sequential extraction and respective XRD analyses of parallel extractions is illustrated in Fig. 1 .
Results and discussion
Relevant physical and chemical properties, easily soluble plant nutrient concentrations, and SEM observations
The average physical and chemical properties and easily available plant nutrient concentrations of ladle slag based on the combined sample are presented in Table 4 on a dry weight (d.w.) basis. The characteristics were determined in duplicate mainly to provide background information for the performed extractions, and the standard deviations are thus not included. According to these results, the slag material is alkaline and inorganic by nature. The EC value (4.24 mS cm -1 ), which is an index of the total dissolved electrolyte concentrations, indicates that the leachate of the slag sample had a relatively low ionic strength, and hence only a minor part of the dissolved metals occurred as dissolved basic metal salts (Manskinen et al. 2011) . The LOI and TOC values (6.6 and \2 %, respectively) support the inexistence of organic carbon, although the LOI value can only be regarded as an indirect measure of organic contents. Even though the LOI parameter is frequently used in waste characterization studies in quantifying the content of organic matter, additional reactions to organic matter decomposition, such as dehydration of metal oxides, loss of volatile salts, or loss of mineral inorganic carbon can occur up to a temperature of 550°C (Heiri et al. 2001) .
The neutralizing and RVs of ladle slag with easily available plant nutrient concentrations were determined to assess the potential of ladle slag in soil liming or soil amendment. Similar methods have been used in our earlier studies (Mäkelä et al. 2012; Pöykiö et al. 2009 ), and these parameters have proved useful in providing information for the evaluation of materials between, e.g., different industry sectors. The liming potential of a material is dependent on the level of soluble and hydrolysable bases such as oxides, hydroxides, and carbonates. Respectively, cations such as calcium, magnesium, and potassium can generally act as the inactive counter-ions (Manskinen et al. 2011) . The NV of a commercial ground limestone product by SMA Mineral Ltd. is 38 % (Ca equivalents; d.w.), providing that 1.17 metric tons of ladle slag (see Table 4 ) would be required to replace 1 metric ton of this commercial product. The RV is an indicator of the speed and effectiveness of the neutralizing potential. The determined easily soluble plant nutrient concentrations of ladle slag were compared with respective concentrations in local coarse mineral soil located in Northern Finland; enrichment values for P, Ca, Mg, K, Na, S, Cu, Mn, and Zn were calculated based on Manskinen et al. (2011) and are presented in Table 4 . According to the results, ladle slag contains significantly higher concentrations of Ca, Mg, K, Na, S, and Mn, and lower concentrations of Cu and Zn than average Northern Finnish local coarse mineral soil. Elevated concentrations of Na and S in the slag sample are reasonable as these elements are detrimental in steelmaking processes and are managed from the raw materials to the generated slag phases.
Acquired SEM images of weekly ladle slag samples are provided in Fig. 2 . Evidently, the slag samples possessed an angular-like morphology, with two distinct size fractions of approximately 100 and 1-10 lm in diameter. The divergence regarding the observed size fractions could be explained by the temperature decrease induced phase transformations commonly occurring in calcium silicate slag materials (Shi and Hu 2003) . As an example, the larnite phase [Ca 2 SiO 4 ] generally found in calcium silicate slags undergoes a phase transformation from a'-Ca 2 SiO 4 to b-Ca 2 SiO 4 at a temperature above 775°C and a further conversion to c-Ca 2 SiO 4 at a temperature range of Fig. 1 The experimental regime from sampling to sequential extraction and respective XRD analyses of parallel extractions 450-525°C (Manso et al. 2005; Setien et al. 2009 ). The latter phase transformation is known to be accompanied by a volume increase of approximately 10 % due to differing crystal structures and respective densities of the two phases (Manso et al. 2005; Setien et al. 2009; Shi 2002; Shi and Hu 2003) . In addition, the hydration of free calcium and magnesium oxide to portlandite and brucite, respectively, are known to be associated with a volume increase of even 100 % (Manso et al. 2005; Setien et al. 2009 ).
According to Setien et al. (2009) , the discussed phase transformations of larnite and hydration of possibly occurring free oxides of calcium and magnesium are the most important morphology-related transformations which can be applied to secondary metallurgical slags. The transformations take place relatively early after slag generation: larnite-related transformations during the temperature decrease of molten slag, and the hydration of free calcium and magnesium oxides during the following hours or days of subsequent exposure to weathering. Potential later changes, such as hydration of calcium aluminates or carbonation of portlandite, are not likely to induce any further changes in the morphology of secondary steelmaking slags (Setien et al. 2009 ).
Pseudo-total element concentrations of weekly subsamples
The determined pseudo-total concentrations of trace elements and some macroelements (Al, Ca, Fe, Mg, Mn, S, and Ti) of weekly ladle slag samples and the combined sample are shown in Table 5 . Regarding used nomenclature, the term ''heavy metal'' is disregarded as suggested by the International Union of Pure and Applied Chemistry (UIPAC) (Duffus 2002 ) and the elements with a determined concentration less than that of Na in the combined sample (i.e., 390 mg kg -1 , d.w., Table 5 ) are in this study referred to as ''trace elements'', including metals and metalloids, thus avoiding reference to the biological and toxicological properties of an element. In this investigation, the pseudo-total concentrations were determined to assess how the recognized variation in slag composition (Posch et al. 2002) can affect the content of potentially detrimental trace elements. However, as the objective of the aqua regia digestions is to decompose even some of the silicate structures of the sample matrix and thus depict the worst case environmental scenario where almost the entire mineral lattice of the sample matrix becomes labile, no conclusions without the quantification of the labile fraction can be drawn of potential element availability in real environmental conditions. Based on the data, the pseudo-total concentrations of trace elements were compared to the background concentrations of Finnish fine till (Sorvari 2003) and the literature values of non-contaminated soil (Laine-Ylijoki et al. 2005) . In spite of the fact that slag and soil are different media, the naturally occurring levels of trace elements are generally not considered to pose an environmental concern (Proctor et al. 2000) . As a result, only Cr and V occurred in elevated concentrations (6-week mean values of 198 and 310 mg kg -1 , d.w., respectively) and only the mean concentration of V was attested to exceed the respective background concentration of 3-180 mg kg -1 . The residual standard deviation (RSD) values during the 6-week sampling program were 24 and 31 % for Cr and V, respectively, indicating that fluctuation in desired steel characteristics can have a significant effect on the pseudo-total concentrations of trace elements found in the slag. According to Proctor et al. (2000) , hexavalent Cr(VI) is not formed during steelmaking due to the reducing nature of the process and is likely to be encountered only in electric arc furnace processes where the levels of total Cr are also higher due to the use of recycled steel. Opposingly, it should be noted that the conditions in a basic oxygen furnace used for the removal of, e.g., Si, Ti, and C during converting of crude iron should be regarded as highly oxidizing due to the use of an oxygen blow. However, the prevailing temperatures during converting and the subsequent casting process are generally in the range of 1,500-1,700°C and thus likely to be high enough to prevent the stability of Cr(VI). In this context, the authors are in line with Proctor et al. (2000) stating the possibility for low concentrations of Cr(VI) due to the cooling of slag under oxidizing conditions in ambient air. The formation of Cr(VI) in steelmaking was also investigated in our earlier study (Mäkelä et al. 2012) regarding the use of primary basic oxygen furnace slag. In addition to Cr and V, Ba occurred in a 6-week mean concentration of 86 mg kg -1 (d.w.) and a RSD of 12 % suggesting comparatively lower variation than in the case of Cr and V.
Sequential extraction and mineralogical characterization
Results regarding trace element fractionation according to the revised four-stage BCR extraction procedure and pseudo-total concentration determination with macro elements Al, Fe, Mn, and S are presented in Table 6 . In addition, a visual interpretation of element fractionation regarding the combined ladle slag sample is illustrated in Fig. 3 . As Table 6 and Fig. 3 depict, the generally emphasized trace elements As, Cd, Cu, Hg, Mo, Ni, Pb, and Zn were proven not to be of major concern in case of the combined ladle slag sample. As, Be, Cd, Co, Cu, Hg, Mo, Ni, Pb, Sb, and Zn attested to minute pseudo-total concentrations ranging from below the limit of quantification (Be, Cd, Co, Hg, and Sb) to 5.0 mg kg -1 , d.w. (Pb) with increased extractability (43-109 % of the respective pseudo-total concentration, see Fig. 3 ) associated with step 4 of the sequential extraction procedure. Only Ni was extracted during step 2 of the sequential extraction procedure, with a minor recovery of 1.1 mg kg -1 (d.w.). In addition, Cu, Ni, and Zn were also recovered during step 3 of the extraction procedure in respective concentrations of 0.82, 0.79, and 2 mg kg -1 (d.w.). Trace elements Be, Cd, Co, Hg, and Sb which were found below the limit of quantification during steps 1-4 of the sequential extraction procedure were thus not included in Fig. 3 .
Only trace elements Ba, Cr, Se, and V were recovered in noticeable concentrations during the sequential extraction procedure. In the case of Se, the low pseudo-total concentration of 22 mg kg -1 (d.w.) and a cumulative recovery of 5.4 mg kg -1 (d.w.) during steps 1 and 2 support the notion that the availability of Se should not pose an environmental risk during ladle slag handling, utilization, or landfilling procedures. In general, Se occurs in four important oxidation states: -II, elemental, IV, and VI, which in soils are mainly governed by adsorption, precipitation, and transformation. In soils, elemental Se often occurs with S compounds such as selenium sulfide (Se 2 S 2 ) and can be easily oxidized to selenite (SeO 3 2-) and selenate (SeO 4 2-) of which selenate is fairly soluble and thus potentially available in natural conditions (Adriano 2001; Keskinen et al. 2009 ). In Finland, agricultural fertilizers have been spiked with sodium selenate since 1984 due to locally Se-poor bedrock and soils, corroborated by prevailing acidic and reducing soil conditions favoring selenite sorption and precipitation in the elemental form (Keskinen et al. 2009 ). During the sequential extraction procedure, most of the extracted Se (i.e., 11 mg kg -1 , d.w.) was recovered during step 3 indicating the potential oxidation of sulfides (see Table 1 ). As illustrated in Fig. 4 , the occurrence of sulfides in the base sample and thus respective decomposition during sequential extraction was not detected by means of XRD used to analyze the residues of parallel sequential extractions. It must be noted though that the detection limit of an X-ray diffractometer is generally in the range of 1-2 % w/w making the detection of potential sample sulfides difficult even with a pseudo-total S concentration of 1,900 mg kg -1 (d.w., see Table 6 ). In soils and sediments, Se occurrence with gibbsite [Al(OH) 3 ] has been reported (Adriano 2001) , which in our case was detected after step 3 (see step 3 res. in Fig. 4) . The RSD value of Se during the 6-week sampling program was 74 % indicating significant variation in the Se contents of ladle slag.
In the case of Cr, environmental concern is generally placed on the potential existence of Cr(VI), or possible oxidation of Cr(III) to Cr(VI), which mainly stipulate Cr toxicity (Fandeur et al. 2009 ). In addition to the discussion in ''Pseudo-total element concentrations of weekly subsamples'', a routine analysis combining water extraction according to the two-stage batch test SFS-EN 12457-3 (L/S 10) and subsequent supernatant analysis by (1,5-)diphenylcarbatzide addition followed by absorbance quantification with a PerkinElmer (PerkinElmer, Norwalk, USA) Lambda 25 spectrophotometer was performed on two combined three-week ladle slag samples representative of the equivalent sampling period. The resulting labile Cr(VI) concentration values were equivalent for both samples: 0.1 mg kg -1 (d.w.). Considering the solubility of Cr(III) and Cr(VI) of which the former is relatively insoluble in water and latter highly soluble (Stam et al. 2011) at least an indication of the existence of Cr(VI) should have been detected if oxidation of Cr(III) would have occurred upon cooling of the slag phase. Table 6 Fractionation of trace elements and Al, Fe, Mn and S in mg kg -1 (d.w.) in the combined ladle slag sample based on the revised fourstage BCR extraction procedure with respective pseudo-total concentrations and calculated fraction recoveries
Element
Step 1 Step 2 Step 3 Step 4 Pseudo-total Recovery (%) Zn \0.4 \0.4 2 1.5 3.5 100.0 n = 2 Fig. 3 Element fractionation of the combined ladle slag sample based on the revised four-stage sequential BCR extraction procedure with respective pseudo-total element concentration determinations (in parentheses, d.w.).
Step recovery (%) calculation based on determined pseudo-total concentrations Fig. 4 X-ray diffractograms of the combined ladle slag sample (base sample) and respective step residues (step 1-4 res.) from the revised four-stage BCR extraction procedure
According to the sequential extraction procedure, Cr was mostly recovered during step 4 (135 mg kg -1 , d.w.) indicating dominant occurrence in the residual fraction, as only 2.1 and 52.7 mg kg -1 (d.w.) were recovered during steps 2 and 3, respectively. Again, any indication regarding the occurrence of sulfide-containing minerals in the base sample or residues of successive extraction steps of the procedure was not attained by XRD Fig. 4 ). The detection of Mg in the mineralogy of the residues from steps 3 and 4, as opposed to the possible base sample periclase [MgO] detected in step 1 and 2 res., suggests non-selectivity of the procedure towards periclase and redistribution of Mg during extraction with hydrogen peroxide and ammonium acetate during step 3. According to Young et al. (2005) , redistribution during sequential extraction from soil samples could arise from increases in element ion activity in solution, changes in pH, or the exposure of new adsorption surfaces causing readsorption on remaining adsorbents. It must be noted that alternative approaches for the use of XRD in support of sequential extraction procedures are limited as maintaining comparability between different laboratories requires strict adherence to the procedures (Bacon and Davidson 2008; Pueyo et al. 2001 ). More research is needed regarding the use of intermediate, non-destructive analytical techniques in tandem with sequential extraction procedures, which would, however, increase the frequently criticized tediousness of the procedures (Jamali et al. 2009; Nemati et al. 2010) .
Trace element Ba was recovered during all steps of the sequential extraction procedure with recovered concentrations of 12.3 and 44.0 mg kg -1 (d.w.) during the most labile steps 1 and 2, respectively. The use of acetic acid at pH 2 during step 1 has been reported to describe approximately the sum of water soluble, exchangeable and carbonate-bound phases and thus the most active and available fraction of an element (Li et al. 2010) . Although the buffering capacity of the ladle slag sample is likely to maintain neutral to alkaline conditions in the proximity of slag particles, acetic acid is a realistic choice to simulate a plausible worst case scenario if the waste material is co-disposed with, e.g., municipal solid waste (Svensson et al. 2005) . Hydroxylamine hydrochloride in a nitric acid medium during step 2 is used to recover easily or moderately reducible phases made available through changes in prevailing redox conditions and thus simulates anoxic conditions likely to occur in a natural medium (Manskinen et al. 2011; Rao et al. 2008) . Under disposal conditions, abiotic transformations leading to the formation of reducing gases (H 2 ) could result in redox reactions in disposed slag (Sabbas et al. 2003) . In nature, Ba occurs mainly as barite [BaSO 4 ] and withewrite [BaCO 3 ] and concentrations of 200 mg kg -1 upon digestion have been found moderately toxic (Nogueira et al. 2010) . Although Nogueira et al. (2010) claim more local and international attention for Ba accumulation in soil and water bodies, a potentially labile concentration of 44.0 mg kg -1 (d.w.) during step 2 and a rather low pseudo-total concentration of 82 mg kg -1 (d.w.) suggest that Ba is not an element of major concern. In addition, as illustrated in Table 5 [CaO] , and larnite detected after step 1. The potential dissolution of larnite during step 3 is surprising, as recovery of silicates should not be anticipated until the final extraction step (i.e., step 4) of the procedure. According to our data, larnite and quartz were detected after steps 1-2 and 2-4, respectively, in addition to the gehlenite and merwinite structures detected in step 3 res. shown in Fig. 4 . Especially in the case of slag materials, our observations confirm the purely operational nature of sequential extraction procedures, which should thus not be referred to as target phase specific. The lack of phase specificity has also been confirmed by other authors combining the use of X-raybased analytical methods with the BCR procedure (Ryan et al. 2008; Sulkowski and Hirner 2006) .
In addition to Se, Cr, and Ba, only trace element V occurred with a considerable pseudo-total concentration of 300 mg kg -1 (d.w.) in the combined ladle slag sample. Respectively, 123 mg kg -1 (d.w.) of V amounting to 41 % of the respective pseudo-total concentration was recovered during step 2 of the extraction procedure. Potential correlation with or substitution for Fe (oxyhydroxides) has been suggested by, e.g., Adriano (2001) for V in soils. However, it must be noted that Fe was also recovered during step 3 (2,360 mg kg -1 , d.w.) in which V showed very low availability, which could be an indication of the occurrence of both ferric and ferrous Fe in the sample. According to Ryan et al. (2008) , the presence of ferric and ferrous Fe in, e.g., silicate clays indicates respective reduction and oxidation potential during subsequent extractions by hydroxylamine hydrochloride and hydrogen peroxide with ammonium acetate in steps 2 and 3. An average concentration of V in soil is in the range of 10-220 mg kg -1 (Połedniok and Buhl 2003) which is in agreement with the Finnish background value of 30-180 mg kg -1 (d.w.) provided in Table 5 . In addition to V availability during step 2, most of the pseudototal concentration of V (59 %, 178 mg kg -1 , d.w.) was attested to occur in the residual fraction extracted during step 4. However, a V recovery of 123 mg kg -1 (d.w.) during step 2 can be considered as an indication of potential phytoavailability in natural conditions. Reproducibility and analytical performance of the sequential extraction procedure For the validation of the adopted approach, the sum of recoveries during steps 1-4 of the sequential extraction procedure were compared with the respective pseudo-total concentration values determined by direct aqua regia extraction from the combined sample (Table 6 ). In addition, the analyzed step values (n = 9) of the CRM BCR-701 attained from the Institute for Reference Materials and Measurements (IRMM, Geel, Belgium) were compared with certified and indicative values for Cd, Cr, Cu, Ni, Pb, and Zn reported by Pueyo et al. (2001) as illustrated in Table 7 . According to Sutherland (2010, pp. 11) , a majority of studies reporting the implementation of the BCR procedure fail to include CRM analysis as a part of quality control. Sutherland (2010) also reported certified and indicative values for BCR-701, however excluding the sum of steps 1-4 and with minor deviations in the individual values compared to Pueyo et al. (2001) . Hence, analyzed CRM BCR-701 values were compared to those reported by Pueyo et al. (2001) .
According to the data, the recovery of individual elements during the sequential extraction procedure (steps 1-4) ranged from 88.2 to 109.9 % (Se and Pb, respectively), with increasing uncertainty related to a minute pseudo-total concentration or macro element analysis (note that the minor deviations compared to the sum of recoveries calculated from Fig. 3 are due to the round off of individual values). The attained recoveries are reasonable as the BCR procedure was not originally designed for slag materials with, e.g., characteristic elevated concentrations of Al, Fe, and Mn. In addition, Cd, Cu, Ni, Pb, and Zn incorporated in CRM analysis were found only in minute concentrations in the combined ladle slag sample (see Table 6 ) confirming the different original purpose of the method. Especially with slag materials with characteristic high buffering capacities, the pH values of individual extraction solutions are likely to rise excessively high to favor the adsorption of normally monitored contaminants instead of desorption (Sulkowski and Hirner 2006) .
The analyzed values of CRM BCR-701 were generally within the uncertainty limits reported by Pueyo et al. (2001) with only four exceptions, i.e., Zn recovery during Table 7 Reported (Pueyo et al. 2001 ) and analyzed trace element concentrations (mg kg Step 2
Step 3 AR step 3 residue
Step 1-4 sum Direct AR extraction (base sample) step 1, Cu recovery during step 2, Cr recovery during step 4, and the step 1-4 sum of Cr. In addition, the standard deviations of the presented experimental results were generally lower than the certified or indicative inter-laboratory values. As a result, it can be stated that sufficient analytical quality was maintained during the entire sequential extraction procedure. Based on the authors' experience, sequential extraction procedures can be useful tools in providing information for environmental risk assessment of a wide range of materials. In Finland, policies for landfilling and utilization activities are largely based on the use of batch leaching tests and pseudo-total concentration determinations of potentially detrimental elements. Although useful in certain context, these analytical procedures fail to describe the effects of potential changes in the surrounding media on the mobility of contaminants as the batch leaching tests only provide lability data under circumneutral conditions. However, a major uncertainty regarding the use of the BCR procedure is associated with the interpretation of results, such as assuming target phase specificity, which was clearly not supported by our results.
Conclusion
Based on the comprehensive characterization of the weekly and combined ladle slag samples, the slag material possessed a NV of 32.4 % (Ca equivalents, d.w.) and an angular-like morphology, in which the temperature decrease induced phase transformations have a significant effect on the distinguishable size fractions of approximately 1-10 and 100 lm in diameter. According to the pseudo-total element concentration determinations, only Cr and V occurred in elevated concentrations with respective 6-week mean values of 198 and 310 mg kg -1 (d.w.). The RSD values of the aforementioned elements (24 and 31 %, respectively) indicated that significant variation in the concentration of trace elements can occur due to fluctuation in process conditions and/or slag characteristics. In terms of trace element availability, the revised four-stage BCR extraction procedure performed on a representative combined ladle slag sample provided useful data for risk assessment in support of environmental policy. According to the results, only trace elements Ba, Cr, and V were attested as potentially available in noticeable concentrations. Cr availability was mainly associated with steps 3 (H 2 O 2 ? CH 3 COONH 4 ) and 4 (aqua regia digestion) with respective concentrations of 52.7 and 135 mg kg -1 (d.w.). Ba availability occurred also during the more labile steps of extraction procedure with recoveries of 12.3 and 44.0 mg kg -1 (d.w.) during steps 1 (CH 3 COOH) and 2 (NH 2 OHÁHCl), respectively. In the case of V, a recovery of 123 mg kg -1 , d.w., during step 2 amounting to 41 % of the respective pseudo-total concentration (i.e., 300 mg kg -1 , d.w.) indicated potential phytoavailability in natural conditions through, e.g., changes in prevailing redox conditions. Although the mineralogical characterization of parallel sequential extraction residues indicated nonselectivity of the procedure coupled with potential redistribution phenomena during step 3, the analytical approach was validated by the analysis of a certified reference material and the calculation of extraction recoveries.
